Colm Browne, Tanya K. Ronson, and Jonathan R. Nitschke* Abstract: The reaction of 2,6-diformylpyridine with diverse amines and Pd II ions gave rise to a variety of metallosupramolecular species, in which the Pd II ion is observed to template a tridentate bis(imino)pyridine ligand. These species included a mononuclear complex as well as [2+2] and [3+3] macrocycles. The addition of pyridine-containing macrocyclic capping ligands allows for topological complexity to arise, thereby enabling the straightforward preparation of structures that include a [2] catenane, a [2] rotaxane, and a doubly threaded [3] rotaxane.
The preparative method of subcomponent self-assembly has proven effective for the high-yielding, one-pot synthesis of complex architectures from simple starting materials.
[1] By allowing amines and aldehydes to condense around a metal template, a variety of metallosupramolecular structures, such as capsules [2] and interlocked assemblies, [3] have been synthesized, with applications including anion binding [4] and molecular magnetism. [5] This has been made possible through the use of metal-ion templates including octahedral Fe II , [6] Ni II , [7] Co II , [8] Zn II , [1h] and Cd II ions, [9] as well as tetrahedral Cu I [10] ions and higher-coordinate lanthanides. [5] Square-planar Pd   II   ions have not yet been used for subcomponent self-assembly, although Pd II has proven very useful in the synthesis of complex supramolecular architectures. [11] We envisaged that the use of Pd II ions with pyridylimine ligands could provide access to new architectures, unattainable using other metalion templates.
Metal-ion templates have been combined with amines and 2,6-diformylpyridine in the synthesis of a variety of complex supramolecular structures, including Stoddarts Borromean links and Leighs catenanes, [12] and although such structures with Pd II ions are unknown, mononuclear complexes with related tridentate ligands have been reported. [13] Herein we outline the preparation of a range of supramolecular architectures through the subcomponent self-assembly of Pd II ions and 2,6-diformylpyridine with a variety of amines, and their modification through the addition of monodentate ligands to create interlocked structures.
We hypothesized that mixing an amine with 2,6-diformylpyridine and a Pd II salt would lead to their condensation to form a ligand system suitable for the synthesis of metallosupramolecular assemblies. The amine and dialdehyde moieties would thus react to form a tridentate ligand occupying three coordination sites of the metal ion, with the fourth being taken up by a solvent molecule or counter anion. This ligand system offers three advantages: 1) its dynamic imine bonds allow for the straightforward introduction of new functionality through variation of the identity of the amine added; 2) Pd II ions are capable of acting as electrostatic anchors in host-guest systems; [14] and 3) the acetonitrile bound to the palladium ion can be displaced by a stronger donor, such as a pyridyl-based ligand, to generate heteroleptic structures.
The simple mononuclear complex 1 (Figure 1 ) was first prepared to test the viability of our hypothesis. The reaction of p-anisidine and [Pd(MeCN) 4 ](BF 4 ) 2 with 2,6-diformylpyridine in a 2:1:1 ratio led to the formation of a deep-red solution within seconds. The choice of p-anisidine was due to its high nucleophilicity and consequent stabilizing effect in the formation of imine bonds. [15] The 1 H NMR spectrum of 1 (Figure 1 ) shows significant coordination-induced shifts of the aromatic signals [16] and confirmed quantitative formation of the imine-based ligand through the appearance of a singlet at 8.22 ppm. ESI-MS also confirmed the formation of 1.
Following the successful synthesis of 1, further reactions were investigated to create new architectures. We hypothesized that the use of diamines instead of simpler monoamines would lead to multinuclear complexes. The combination of 4,4'-oxydianiline with [Pd(MeCN) 4 ](BF 4 ) 2 and 2,6-diformylpyridine in a 1:1:1 ratio led to the rapid formation of an intensely red solution (Scheme 1). The 1 H NMR spectrum (see Figure S2 in the Supporting Information) again showed signals consistent with the rapid formation of a single highly symmetrical product. Mass spectrometry was unable to provide insight into the product structure because of fragmentation, even under conditions where the parent ions of other sensitive and highly charged structures had been observed. [17] X-ray quality crystals were grown by slow diffusion of diethyl ether into an acetonitrile solution. Single-crystal X-ray diffraction experiments revealed the structure formed to be the [3+3] macrocycle 2 ( Figure 2 ).
The crystal structure reveals each Pd II center to be bound to a pyridine nitrogen and two imine nitrogen atoms, with an acetonitrile ligand occupying the final coordination site. The square-planar coordination geometry shows distortion (average N imine -Pd-N pyridyl angle 80.98) as a result of the tridentate coordination geometry of the ligand. The three Pd II centers bound within the macrocyclic cavity are separated by an average distance of 11.4 . The bis(phenyl) ether bond angle present in 4,4'-oxydianiline (average 118.98) leads the macrocycle to adopt a bowl-like shape with a shallow cavity, folding in such a way that all the pyridine groups fall on the same side of the plane defined by the three Pd II centers and alleviating steric clash between the acetonitrile ligands. In the solid state, two macrocyclic complexes come together to encapsulate three tetrafluoroborate anions between the Pd II centers, thereby resulting in average Pd-Pd distances of 6.6 between adjacent macrocycles.
We postulated that macrocycles of different sizes and shapes could be synthesized through changing the geometry of the diamine used. To prepare a macrocycle with a moredefined cavity we selected bis(3-aminophenyl)sulfone as a diamine subcomponent. The functionalization of the diphenylsulfone backbone at the 3-and The coordination environments around the Pd II centers of 3 are similar to those observed in 2. To avoid steric clashes between the imine protons and the diphenylsulfone backbone, the pyridine rings are observed to adopt a configuration in which they have rotated out of coplanarity with the phenyl rings. This configuration also alleviates any steric clash between the acetonitrile ligands. The C-SO 2 -C bond angles of the sulfones are 108.5(3)8 and 105.1(3)8, with the mean planes of the two pyridine rings lying at an angle of 36.48 to each other. The distance between the Pd II centers is 6.7694(6) , thereby providing a positively charged cleft. The solid-state structure reveals a BF 4 À ion within this cavity, sandwiched between the two Pd II centers. Tetrafluoroborate was also observed to bind within 3 in fast exchange on the NMR time scale in solution: the 19 F NMR spectrum of 3 in acetonitrile solution revealed the chemical shift of the anion to be shifted upfield by nearly one ppm compared to tetramethylammonium tetrafluoroborate in acetonitrile solution, which is comparable to shifts seen for the binding of this anion in other metal-organic hosts. [18] Interlocked molecular architectures have attracted substantial attention, with catenanes and rotaxanes showing potential in such fields as molecular motors, [19] information storage, [20] and porous materials. [21] The preparation of topologically complex architectures often requires lengthy organic syntheses, which subcomponent self-assembly could shorten. The Leigh research group has shown Pd II ions to be a suitable template for the synthesis of catenanes and rotaxanes, wherein the Pd II ion and a preformed tridentate ligand define a plane through which an orthogonal, auxiliary ligand is threaded. [22] By using similar principles we postulated that the formation of 1 in the presence of pyridine-based macrocycle 4 would lead to the formation a new complex, pseudorotaxane 5 (Scheme 1).
Several factors render 4 a suitable ligand for generating interlocked systems with this Pd II -based system. The phenyl rings of the macrocycle are optimally spaced to p-stack with the aromatic backbone of a pseudorotaxane, and the pyridyl moiety is a suitable ligand to displace the coordinated acetonitrile molecule in 1 to form a new heteroleptic structure. Indeed, mixing the subcomponents in acetonitrile and heating to 60 8C led to formation of an orange product. Its 1 H NMR spectrum reflected the clean formation of a single, symmetrical species, which was shown by DOSY NMR experiments to possess a larger hydrodynamic radius than 1. ESI mass spectrometry also confirmed our formulation of 5. Its threaded topology was reflected in NOESY NMR correlations between protons that would only be in proximity in a pseudorotaxane (see Figure S10 in the Supporting Information).
The true rotaxane 7, in which the axle and macrocycle are linked by a mechanical bond, [23] could be synthesized by employing the bulky amine 6 in place of p-anisidine (Scheme 1). This rotaxane also formed rapidly as the uniquely observed product, and its presence in solution was confirmed by NMR spectroscopy and mass spectrometry experiments (see Figures S14-S16 in the Supporting Information).
As discussed above, the use of diamines can lead to the formation of macrocyclic metal complexes 2 and 3. These cycles have openings that are too small to accommodate the threading of macrocycles necessary for conversion into a catenane, or axles to generate a rotaxane. However, mixing the flexible diamine 8 with 2,6-diformylpyridine, [Pd(MeCN) 4 ](BF 4 ) 2 , and 4 followed by heating at 50 8C for 24 h in acetonitrile led to the formation of [2] catenane 9, as confirmed by ESI-MS (see Figure S19 in the Supporting Information) and 1 H NMR spectroscopy (see Figure S6 ). DOSY (see Figure S18 in the Supporting Information) and NOESY NMR (see Figure S17 ) experiments provided further evidence for the structure and topology of catenane 9. This topology resulted from Pd II -templated [1+1] macrocycle formation, along with ligation of 4 to the fourth coordination site on the Pd II ion (Scheme 1). Few examples exist of rotaxanes having more than one axle threaded through a single macrocycle, [24] which highlights the greater synthetic challenges posed as topological complexity increases. The principles discussed so far allow for the straightforward design of a system of subcomponents that would self-assemble into a doubly threaded rotaxane structure. Mixing the macrocyclic ligand 10, which bears two pyridine moieties, with the subcomponents of 1 led to doubly threaded [3] pseudorotaxane 11 as the uniquely observed product (Scheme 1). The crystal structure of 11 [25] (Figure 4) confirmed that the pyridine rings of 10 had displaced the acetonitrile molecules as expected, and showed how the phenyl rings of 10 p-stack with the pyridyl backbone of the threaded molecule. Evidence for the threaded topology of 11 in solution was provided by 2D 1 H NOE experiments, which showed proximity between the residues of 10 and the imine protons of the axles (see Figure S20 in the Supporting Information). To the best of our knowledge, compound 10 is the first example of a pseudorotaxane consisting of two threads through a single macrocycle synthesized either using a square-planar metal template or using dynamic covalent chemistry.
The doubly threaded true rotaxane 12 could be formed following the same procedure used for the assembly of pseudorotaxane 11, with the mechanical bond between the axle and loop being generated through replacement of anisidine with the much bulkier analogue 6 (Scheme 1). Although no crystal structure could be obtained for 12, its structure is confirmed by mass spectrometry and NMR experiments (see Figures S24 and S25 in the Supporting Information). MM2 molecular modeling assisted in visualizing the structure of the rotaxane, and showed that there is sufficient room for the stopper groups to participate in the same stabilizing p-stacking interactions as 11, without steric clashes with the framework of the structure (see Figure S26 in the Supporting Information).
In conclusion, a new Pd II -bis(imino)pyridine motif has been developed and used to prepare a range of complex metallosupramolecular structures through simple self-assembly processes. Further work aims to elaborate the potential of this motif, through the construction of more intricate and functional structures that employ more than one metal ion to generate structural complexity. [26] Received: June 12, 2014 Published online: August 19, 2014 . Keywords: catenanes · host-guest systems · rotaxanes · self-assembly · template synthesis Figure 4 . Crystal structure of pseudorotaxane 11. Counterions, solvent, and disorder are omitted for clarity (C: gray, N: light blue, O: red, Pd: dark blue, H: white). Only one of the two crystallographically unique molecules of 11 is shown. [27] . Angewandte Communications
